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A wide variety of astrophysical and cosmological sources are expected to contribute to a stochastic
gravitational-wave background. Following the observations of GW150914 and GW151226, the rate
and mass of coalescing binary black holes appear to be greater than many previous expectations. As
a result, the stochastic background from unresolved compact binary coalescences is expected to be
particularly loud. We perform a search for the isotropic stochastic gravitational-wave background
using data from Advanced LIGO’s first observing run. The data display no evidence of a stochastic
gravitational-wave signal. We constrain the dimensionless energy density of gravitational waves to
be Ω0 < 1.7 × 10−7 with 95% confidence, assuming a flat energy density spectrum in the most
sensitive part of the LIGO band (20 − 86 Hz). This is a factor of ∼33 times more sensitive than
previous measurements. We also constrain arbitrary power-law spectra. Finally, we investigate the
implications of this search for the background of binary black holes using an astrophysical model
for the background.
Introduction.— Many astrophysical and cosmological
phenomena are expected to contribute to a stochastic
gravitational-wave background, henceforth, simply ref-
ered to as a “background”. These include unresolved
compact binary coalescences of both black holes and neu-
tron stars [1–5], rotating neutron stars [6–8], supernovae
[9–12], cosmic strings [13–16], inflationary models [17–
24], phase transitions [25–27], and the pre-Big Bang sce-
nario [28–31]. The variety of mechanisms potentially con-
tributing to the background provides the opportunity to
study a number of different environments within the Uni-
verse.
The recent detections of binary black hole (BBH) coa-
lescences by Advanced LIGO [32, 33] suggest that the
Universe may be rich with coalescing BBHs. While
events like GW150914 and GW151226 are loud enough
to be clearly detected, we expect there to be many
more events that are too far away to be individually
resolved and that contribute to the background. Since
this BBH population originates from sources that are
too distant to be individually detected, the stochastic
search probes a distinct population of binaries compared
to nearby sources [34]. The background from these bina-
ries provides complementary information to individually
resolved binary coalescences [35].
In this Letter, we report on the search for an isotropic
background using data from Advanced LIGO’s first ob-
serving run O1. We search for the background by cross-
correlating data streams from the two separate LIGO
detectors and looking for a coherent signal. We find no
evidence for the background and place the best upper
limits to date on the energy density of the background
in the LIGO frequency band. We also update the impli-
cations for a BBH background using all the data from
O1.
Data.—Before this analysis, the best limits on the
background from Initial LIGO and Virgo data were ob-
tained using 2009–2010 [36] and 2005–2007 data [37]. In
this work we use data from the upgraded Advanced LIGO
observatories in Hanford, WA (H1) and Livingston, LA
(L1) [38]. We analyze O1 data from September 18, 2015
15:00 UTC-January 12, 2016 16:00 UTC.
Method.— We define the background energy density
spectrum as [39]
ΩGW(f) =
f
ρc
dρGW
df
, (1)
where f is the frequency, ρc = 3c
2H20/(8piG) is the crit-
ical energy density to close the Universe (numerically,
ρc = 7.8 × 10−9 erg/cm3 using the Hubble constant
H0 = 68 km s
−1 Mpc−1 from [40, 41]), and dρGW is the
gravitational-wave energy density in the frequency range
from f to f + df . For the LIGO frequency band, most
theoretical models for ΩGW(f) can be approximated as
a power law in frequency [39, 42, 43]:
ΩGW(f) = Ωα
(
f
fref
)α
. (2)
Following [35], we assume a reference frequency of 25 Hz,
which corresponds to the most sensitive band of the
LIGO stochastic search for a detector network operat-
ing at design sensitivity. The variable Ωα characterizes
the background amplitude across the sensitive frequency
7band. Past analyses have used α = 0 and α = 3 to repre-
sent cosmologically and astrophysically motivated back-
ground models respectively [36, 42–45]. In this analysis
we use these two spectral indices but also include limits
on the background spectrum assuming α = 2/3, which
describes the background dominated by compact binary
inspirals [35, 46]. This choice of spectral index is espe-
cially interesting given the loud background from BBHs
inferred from recent Advanced LIGO detections in O1
[32, 33, 35, 47].
Our search uses a cross-correlation method optimized
to search for the background using the pair of LIGO
detectors [39]. As discussed for instance in [48], cross-
correlation is preferred to auto-correlation because the
noise in each detector is not sufficiently well modelled to
perform subtraction of the noise auto-power. We define
the estimator
Yˆα =
∫ ∞
−∞
df
∫ ∞
−∞
df ′ δT (f − f ′)s˜∗1(f)s˜2(f ′)Q˜α(f ′) (3)
with variance
σ2Y≈
T
2
∫ ∞
0
df P1(f)P2(f)|Q˜α(f)|2, (4)
where s˜1,2(f) are the Fourier transforms of the strain
time series data from the two detectors, δT (f − f ′) is
a finite-time approximation to the Dirac delta function,
T is the observation time, P1,2 are the one-sided power
spectral densities for the detectors, and Q˜α(f) is a filter
function to optimize the search [49],
Q˜α(f) = λα
γ(f)H20
f3P1(f)P2(f)
(
f
fref
)α
. (5)
The spatial separation and relative orientation of the two
detectors are accounted for in the overlap reduction func-
tion, γ(f) [50] and the normalization constant λα is cho-
sen such that 〈Yˆα〉 = Ωα.
Data Quality.—For this analysis, the strain time se-
ries data are down-sampled to 4096 Hz from 16384 Hz
and separated into 50%-overlapping 192 s segments, as
in [42]. The segments are Hann-windowed and high-pass
filtered with a 16th order Butterworth digital filter with
knee frequency of 11 Hz. The data are coarse-grained
to a frequency resolution of 0.031 Hz. This is a finer
frequency resolution than was used in previous analyses
due to the need to remove many finely spaced lines at
low frequencies.
We apply cuts in the time and frequency domains, fol-
lowing [36]. The total live time after all time domain
vetoes have been applied was 29.85 days. These cuts re-
move 35% of the time-series data. The frequency domain
cuts remove 21% of the observing band. In the technical
supplement to this paper [51], we discuss in more de-
tail the removed times and frequencies, the recovery of
20 30 40 50 60 70 80
−3
−2
−1
0
1
2
3
x 10−5
Frequency (Hz)
Ω
0
 
 
Ω0
± 2 σΩ 0
FIG. 1. We show the estimator for Ω0 in each frequency bin,
along with ±2σ error bars, in the frequency band that con-
tains 99% of the sensitivity for α = 0. The loss of sensitivity at
around 65 Hz is due to a zero in the overlap reduction func-
tion. There are several lines associated with known instru-
mental artifacts which do not lead to excess cross-correlation.
The data are consistent with Gaussian noise, as described in
the Results section.
hardware and software injections, and an analysis of cor-
related noise due to geophysical Schumann resonances.
Results.—Our search finds no evidence of the back-
ground, and the data are consistent with statistical fluc-
tuations, assuming Gaussian noise. The integrand of
Equation 3, multiplied by df = 0.031 Hz, gives an es-
timator for Ω0 in each frequency bin. We plot this quan-
tity, along with ±2σ error bars, in Figure 6. To check
for Gaussianity, we employ a noise model that the esti-
mator in each frequency bin is drawn from a Gaussian
distribution with zero mean with the standard deviation
of that frequency bin. We obtain a χ2 per degree of free-
dom of 0.92, indicating that the data are consistent with
Gaussian noise.
Consequently, we are able to place upper bounds on
the energy density present in the background. For α = 0,
we place the bound Ω0 < 1.7× 10−7 at 95% confidence,
where 99% of the sensitivity comes in the frequency band
20 − 86 Hz. This is a factor of 33 times more sensitive
than the previous best limit at these frequencies [36].
Following [52], we show 95% confidence contours in the
Ωα−α plane in Figure 2 by computing the joint posterior
for Ωα and α. In addition, in Table I, we report upper
limits on the energy density for specific fixed values of the
spectral index, marginalizing over amplitude calibration
uncertainty [53] using the conservative estimates of 11.8%
for H1 and 13.4% for L1. Phase calibration uncertainties
are negligible.
8Spectral index α Frequency band with 99% sensitivity Amplitude Ωα 95% CL upper limit Previous limits [36]
0 20− 85.8 Hz (4.4± 5.9)× 10−8 1.7× 10−7 5.6× 10−6
2/3 20− 98.2 Hz (3.5± 4.4)× 10−8 1.3× 10−7 –
3 20− 305 Hz (3.7± 6.5)× 10−9 1.7× 10−8 7.6× 10−8
TABLE I. The frequency band with 99% of the sensitivity are shown, along with the point estimate and standard deviation for
the amplitude of the background, and 95% confidence level upper limits using O1 data for three values of the spectral index,
α = 0, 2/3, 3. We also show the previous upper limits using Initial LIGO-Virgo data.
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FIG. 2. Following [52], we present 95 % confidence contours in
the Ωα − α plane. The region above these curves is excluded
at 95% confidence. We show the constraints coming from
the final science run of Initial LIGO-Virgo [36] and from O1
data. Finally, we display the projected (not observed) design
sensitivity to Ωα and α for Advanced LIGO and Virgo [54].
We also compare our results with the limits placed at
high frequencies from the two co-located detectors at the
Hanford site (H1 and H2). In [37], the limit Ω3 < 7.7 ×
10−4 in the frequency band 460− 1000 Hz was obtained
for the spectral index α = 3 and fref = 900 Hz. Using
this same frequency band, and using the cross-correlated
data between the Hanford and Livingston detectors, we
place a limit Ω3 < 1.7 × 10−2 for fref = 900 Hz. This
is about a factor of 22 larger than the limit from the co-
located detectors, in part due to the loss in sensitivity
of a stochastic search from cross-correlating detectors at
different spatial locations.
In Figure 3, we show the constraints from this analysis
and from previous analyses using other detectors, theo-
retical predictions, and the expected sensitivity of future
measurements by LIGO-Virgo and by the Laser Inter-
ferometer Space Antenna (LISA). Where applicable, we
show constraints using power-law integrated curves (PI
curves) [55], which account for the broadband nature of
the search by integrating a range of power-law signals
over the sensitive frequency band of the detector. By
construction, any power-law spectrum which crosses a
PI curve is detectable with SNR ≥ 2.
The blue curve labeled ‘aLIGO O1’ in Figure 3 shows
the measured O1 PI curve. We also display the PI curve
for the final science run of Initial LIGO and Virgo [36],
H1-H2 [37], as well as the projected design sensitivity
for the advanced detector network. The curve labeled
‘Design’ assumes 2 years of co-incident data taken with
both Advanced LIGO and Virgo operating at design sen-
sitivity, using the projections in [54]. For the sake of
comparison, the measured O1 PI curve at α = 0 is 1.6
times larger than the projected PI curve at α = 0 using
the projections in [54] and 29.85 days of live time, which
is fairly good agreement between predicted and achieved
sensitivity. Finally, in red we present the projected sen-
sitivity of a space-based detector with similar sensitivity
to LISA, using the PI curve presented in [55] computed
using the projections in [60, 61].
We compare these constraints with direct limits from
the ringing of Earth’s normal modes [59], indirect lim-
its from the Cosmic Microwave Background (CMB) and
Big Bang Nucleosynthesis (BBN) [57], and limits from
pulsar timing arrays [58] and CMB measurements at low
multipole moments [56].
In addition, we give examples of several models which
can contribute to the background. We show the back-
ground expected from slow-roll inflation with a tensor-to-
scalar-ratio r = 0.11 (the upper limit allowed by Planck
[40]). We also show examples of the BBH coalescence
model, and the binary neutron star (BNS) coalescence
model, which we describe below. As noted in [62], LISA
is likely to be able to detect the BBH background of the
size considered here.
Astrophysical Implications.—In order to model the
background from binary systems we will follow the ap-
proach of [35]. We divide the compact binary population
into classes labeled by k [63, 64]. Each class has distinct
values of source parameters (for example the masses),
which we denote by θk. The total astrophysical back-
ground is a sum over the contributions in each class. The
contribution of class k to the background may be written
in terms of an integral over the redshift z as [1, 5, 65–70]
ΩGW(f ; θk) =
f
ρcH0
∫ zmax
0
dz
Rm(z; θk)
dEGW
df (fs; θk)
(1 + z)E(ΩM ,ΩΛ, z)
,
(6)
9FIG. 3. Presented here are constraints on the background in PI form [55], as well as some representative models, across many
decades in frequency. We compare the limits from ground-based interferometers from the final science run of Initial LIGO-Virgo,
the co-located detectors at Hanford (H1-H2), Advanced LIGO (aLIGO) O1, and the projected design sensitivity of the advanced
detector network assuming two years of coincident data, with constraints from other measurements: CMB measurements at low
multipole moments [56], indirect limits from the Cosmic Microwave Background (CMB) and Big-Bang Nucleosynthesis [57, 58],
pulsar timing [58], and from the ringing of Earth’s normal modes [59]. We also show projected limits from a space-based
detector such as LISA [55, 60, 61], following the assumptions of [55]. We extend the BNS and BBH distributions using an f2/3
power-law down to low frequencies, with a low-frequency cut-off imposed where the inspiral time-scale is of order the Hubble
scale. In Figure 5, we show the region in the black box in more detail.
where Rm(z; θk) is the binary merger rate per unit co-
moving volume per unit time, dEGW/df(fs, θk) is the
energy spectrum emitted by a single binary evaluated
in terms of the source frequency fs = (1 + z)f , and
E(ΩM ,ΩΛ, z) =
√
ΩM (1 + z)3 + ΩΛ accounts for the de-
pendence of comoving volume on cosmology. We use
cosmological parameters from Planck [40], and ΩM =
1− ΩΛ = 0.308.
The energy spectrum dEGW/df is determined from the
strain waveform of the binary system. The dominant
contribution to the background comes from the inspiral
phase, however for BBH we include the merger and ring-
down phases using the waveforms from [5, 71] with the
modifications from [72]. We choose to cut off the red-
shift integral at zmax = 10. Redshifts larger than five
contribute little to the integral due to the small number
of stars formed at such high redshift [1, 5, 34, 65–70].
To compute the binary merger rate Rm(z; θk), we use
the same assumptions as in [35], unless stated otherwise.
For the BNS case, we assume that the minimal time be-
tween the formation and the coalescence of the binary is
tmin = 20 Myr, following for instance [46]. This is to be
compared to tmin = 50 Myr for BBH [35, 73].
As was emphasized in [74], heavy stellar mass black
holes are expected to form in regions of low metallicity,
which are associated with weaker stellar winds. To ac-
count for this effect, following [35], for binary systems
with chirp masses larger than 30 M, we use only the
fraction of stars that form in an environment with metal-
licity Z < Z/2. For BBH (and BNS) systems with
smaller masses, we do not use a cutoff. However, we note
that it makes little difference whether or not the cutoff
is applied to high masses.
With the model defined above, the free parameters are
the local merger rate Rlocal = Rm(0; θk) and the average
chirp mass Mc. The distribution of the chirp mass has
little effect on the spectrum for a fixed average chirp mass
[5].
We place upper limits at 95% confidence in the Mc −
Rlocal plane, which are shown in Figure 4. Alongside
the O1 results, we show the limits using Initial LIGO-
Virgo data, as well as projected sensitivity of the ad-
vanced detector network. The limits presented here are
about 10 times more sensitive than those placed with
Initial LIGO-Virgo data. Furthermore, the future runs
of the advanced detectors are expected to yield another
factor of 100 improvement in sensitivity in Rlocal for a
given average chirp mass. We also show the local rate
and chirp mass inferred from direct detections of BBH
mergers during O1 [47, 64]. Comparing the projected
design sensitivity on Rlocal and Mc, with the values in-
ferred from BBH observations in O1, suggests that it may
be possible for the advanced detector network to detect
the astrophysical BBH background.
Finally, instead of treating the chirp mass and local
merger rate as free parameters, we can use the informa-
tion from individually observed BBHs to compute the
corresponding background, see Figure 5. To do this, we
use the same model described above and we adopt the
three rate models described in [47]. Specifically, we con-
sider the three-events-based, power-law, and flat-log dis-
tributions of component masses. In each case, the rate at
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FIG. 4. Displayed here are the 95% confidence contours on
the local rate and average chirp mass parameters, using the
model described in the Astrophysical Implications section. In
addition to the constraint from Advanced LIGO (aLIGO) O1
data, we show the constraint from the final science run of
Initial LIGO-Virgo, and the projected design sensitivity of
Advanced LIGO-Virgo. We also show the median rate with
90% uncertainty inferred from O1 data for the power-law and
flat-log mass distributions [47], along with the band contain-
ing 68% of the chirp mass for each distribution. The gray
band separates BNS from BBH backgrounds. The dip at 30
M is due to the metallicity cutoff, as described in the As-
trophysical Implications section.
redshift z = 0 is normalized to the local rate derived from
the O1 detections. With these assumptions we compute
the background, including statistical uncertainty bands
showing the 90% uncertainty in the local rate. The three
rate models agree well in the sensitive frequency band of
advanced detectors (10-100 Hz). Note also that the final
sensitivity of the advanced detectors may be sufficient to
detect this background.
Conclusions.—The results presented here represent the
first search for the stochastic gravitational-wave back-
ground made with the Advanced LIGO detectors. With
no evidence of a stochastic signal, we place an upper limit
of Ω0 < 1.7×10−7 on the GW energy density, for a spec-
tral index α = 0. This is ∼33 times more sensitive than
previous direct measurements in this frequency band. We
also constrain the binary coalescence parameters of chirp
mass and local merger rate. For fixed chirp mass be-
low the high mass threshold of 30 M, the constraint on
the merger rate is improved by a factor of ∼ 24, while
for fixed merger rate, the constraint on the chirp mass
is improved by a factor of ∼ 7, as can be seen from Fig-
ure 4. Finally, we update the background predictions due
to BBH coalescences using data from O1. In this work
we have focused the implications of our results for an as-
trophysical BBH background, as this provides the most
promising candidate for first detecting the background.
The implications of our search for other astrophysical and
cosmological models can be seen in Figure 3. There is also
an upcoming publication that will study implications for
cosmic string models in more detail.
These O1 results are a glimpse of the improvements
in sensitivity to be seen in upcoming years. As the ad-
vanced detectors reach design sensitivity, there is a rea-
sonable possibility of detecting the background due to
BBHs. Even if no detection is made with these future
searches, the searches will be able to constrain impor-
tant cosmological and astrophysical background models.
FIG. 5. We present a range of potential spectra for a BBH
background, using the flat-log, power-law, and 3-delta mass
distribution models described in [47, 74], with the local rate
inferred from the O1 detections [47]. For the flat-log and
power-law distributions, we show the 90% Poisson uncertainty
band due to the uncertainty in the local rate measurement.
In addition, we show the measured O1 PI curve and the pro-
jected PI curve for Advanced LIGO-Virgo operating at design
sensitivity.
Acknowledgments.— The authors gratefully acknowl-
edge the support of the United States National Science
Foundation (NSF) for the construction and operation of
the LIGO Laboratory and Advanced LIGO as well as
the Science and Technology Facilities Council (STFC)
of the United Kingdom, the Max-Planck-Society (MPS),
and the State of Niedersachsen/Germany for support of
the construction of Advanced LIGO and construction
and operation of the GEO600 detector. Additional sup-
port for Advanced LIGO was provided by the Australian
Research Council. The authors gratefully acknowledge
the Italian Istituto Nazionale di Fisica Nucleare (INFN),
the French Centre National de la Recherche Scientifique
(CNRS) and the Foundation for Fundamental Research
on Matter supported by the Netherlands Organisation
for Scientific Research, for the construction and opera-
tion of the Virgo detector and the creation and support
of the EGO consortium. The authors also gratefully ac-
knowledge research support from these agencies as well
11
as by the Council of Scientific and Industrial Research
of India, Department of Science and Technology, India,
Science & Engineering Research Board (SERB), India,
Ministry of Human Resource Development, India, the
Spanish Ministerio de Economı´a y Competitividad, the
Conselleria d’Economia i Competitivitat and Conselleria
d’Educacio´, Cultura i Universitats of the Govern de les
Illes Balears, the National Science Centre of Poland, the
European Commission, the Royal Society, the Scottish
Funding Council, the Scottish Universities Physics Al-
liance, the Hungarian Scientific Research Fund (OTKA),
the Lyon Institute of Origins (LIO), the National Re-
search Foundation of Korea, Industry Canada and the
Province of Ontario through the Ministry of Economic
Development and Innovation, the Natural Science and
Engineering Research Council Canada, Canadian Insti-
tute for Advanced Research, the Brazilian Ministry of
Science, Technology, and Innovation, Fundac¸a˜o de Am-
paro a` Pesquisa do Estado de Sa˜o Paulo (FAPESP),
Russian Foundation for Basic Research, the Leverhulme
Trust, the Research Corporation, Ministry of Science
and Technology (MOST), Taiwan and the Kavli Foun-
dation. The authors gratefully acknowledge the support
of the NSF, STFC, MPS, INFN, CNRS and the State of
Niedersachsen/Germany for provision of computational
resources. This article has been assigned the document
number LIGO-P1600258-v18.
[1] X.-J. Zhu, E. J. Howell, D. G. Blair, and Z.-H. Zhu,
Mon. Not. R. Ast. Soc. 431, 882 (2013).
[2] S. Marassi, R. Schneider, G. Corvino, V. Ferrari, and
S. P. Zwart, Phys. Rev. D 84, 124037 (2011).
[3] C. Wu, V. Mandic, and T. Regimbau, Phys. Rev. D 85,
104024 (2012).
[4] P. A. Rosado, Phys. Rev. D 84, 084004 (2011).
[5] X.-J. Zhu, E. Howell, T. Regimbau, D. Blair, and Z.-H.
Zhu, Astrophys. J. 739, 86 (2011).
[6] P. D. Lasky, M. F. Bennett, and A. Melatos, Phys. Rev.
D 87, 063004 (2013).
[7] P. A. Rosado, Phys. Rev. D 86, 104007 (2012).
[8] X.-J. Zhu, X.-L. Fan, and Z.-H. Zhu, Astrophys. J. 729,
59 (2011).
[9] S. Marassi, R. Schneider, and V. Ferrari, Mon. Not. R.
Ast. Soc. 398, 293 (2009).
[10] X.-J. Zhu, E. Howell, and D. Blair, Mon. Not. R. Ast.
Soc. 409, L132 (2010).
[11] A. Buonanno, G. Sigl, G. G. Raffelt, H.-T. Janka, and
E. Mu¨ller, Phys. Rev. D 72, 084001 (2005).
[12] P. Sandick, K. A. Olive, F. Daigne, and E. Vangioni,
Phys. Rev. D 73, 104024 (2006).
[13] T. Damour and A. Vilenkin, Phys. Rev. D 71, 063510
(2005).
[14] T. W. B. Kibble, Journal of Physics A Mathematical
General 9, 1387 (1976).
[15] S. Sarangi and S.-H. H. Tye, Physics Letters B 536, 185
(2002).
[16] X. Siemens, V. Mandic, and J. Creighton, Physical Re-
view Letters 98, 111101 (2007).
[17] R. Bar-Kana, Phys. Rev. D 50, 1157 (1994).
[18] A. A. Starobinskiˇı, Soviet Journal of Experimental and
Theoretical Physics Letters 30, 682 (1979).
[19] R. Easther, J. T. Giblin, Jr., and E. A. Lim, Physical
Review Letters 99, 221301 (2007).
[20] N. Barnaby, E. Pajer, and M. Peloso, Phys. Rev. D 85,
023525 (2012).
[21] J. L. Cook and L. Sorbo, Phys. Rev. D 85, 023534 (2012).
[22] A. Lopez and K. Freese, arXiv:1305.5855.
[23] M. S. Turner, Phys. Rev. D 55, 435 (1997).
[24] R. Easther and E. A. Lim, JCAP 4, 010 (2006).
[25] A. Kosowsky, M. S. Turner, and R. Watkins, Phys. Rev.
Lett. 69, 2026 (1992).
[26] M. Kamionkowski, A. Kosowsky, and M. S. Turner,
Phys. Rev. D 49, 2837 (1994).
[27] J. T. Giblin Jr. and E. Thrane, Phys. Rev. D 90, 107502
(2014).
[28] M. Gasperini and G. Veneziano, Astropart. Phys. 1, 317
(1993).
[29] M. Gasperini and G. Veneziano, Mod. Phys. Lett. A8,
3701 (1993).
[30] V. Mandic and A. Buonanno, Phys. Rev. D 73, 063008
(2006).
[31] M. Gasperini, JCAP 1612, 010 (2016).
[32] B. P. Abbott et al. (LIGO Scientific Collaboration and
Virgo Collaboration), Phys. Rev. Lett. 116, 061102
(2016).
[33] B. P. Abbott et al. (LIGO Scientific Collaboration and
Virgo Collaboration), Phys. Rev. Lett. 116, 241103
(2016).
[34] T. Callister, L. Sammut, S. Qiu, I. Mandel, and
E. Thrane, Phys. Rev. X 7, 031018 (2016).
[35] B. P. Abbott et al. (LIGO Scientific Collaboration and
Virgo Collaboration), Phys. Rev. Lett. 116, 131102
(2016).
[36] J. Aasi et al., Physical Review Letters 113, 231101
(2014).
[37] J. Aasi et al. (LIGO Scientific Collaboration and Virgo
Collaboration), Phys. Rev. D 91, 022003 (2015).
[38] J. Aasi et al. (LIGO Scientific Collaboration), Class.
Quantum Grav. 32, 074001 (2015).
[39] B. Allen and J. D. Romano, Phys. Rev. D 59, 102001
(1999).
[40] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A13 (2016).
[41] J. N. Grieb et al. (BOSS), Submitted to: Mon. Not. Roy.
Astron. Soc. (2016), arXiv:1607.03143.
[42] B. Abbott et al., Astrophys. J. 659, 918 (2007).
[43] J. Abadie et al., Phys. Rev. D 85, 122001 (2012).
[44] B. P. Abbott et al., Nature 460, 990 (2009).
[45] J. Abadie et al., Physical Review Letters 107, 271102
(2011).
[46] D. Meacher et al., Phys. Rev. D92, 063002 (2015).
[47] B. P. Abbott et al. (Virgo, LIGO Scientific), Phys. Rev.
X6, 041015 (2016).
[48] J. D. Romano and N. J. Cornish, Living Reviews In Rel-
ativity (to appear).
[49] The Hubble constant appears explicitly, rather than be-
ing absorbed into λα, to emphasize that the estimator
for ΩGW depends on the measured value of H0.
[50] N. Christensen, Phys. Rev. D 46, 5250 (1992).
[51] B. P. Abbott et al. (LIGO Scientific Collabora-
tion and Virgo Collaboration), https://dcc.ligo.org/
12
LIGO-P1600258.
[52] V. Mandic, E. Thrane, S. Giampanis, and T. Regimbau,
Phys. Rev. Lett. 109, 171102 (2012).
[53] J. T. Whelan, E. L. Robinson, J. D. Romano, and
E. H. Thrane, Journal of Physics Conference Series 484,
012027 (2014).
[54] B. P. Abbott et al. (LIGO Scientific Collaboration, Virgo
Collaboration), Living Rev. Relat. 19, 1 (2016).
[55] E. Thrane and J. D. Romano, Phys. Rev. D 88, 124032
(2013).
[56] P. A. R. Ade et al. (Planck), Astron. Astrophys. 536, A1
(2011).
[57] L. Pagano, L. Salvati, and A. Melchiorri, Phys. Lett.
B760, 823 (2016).
[58] P. D. Lasky et al., Phys. Rev. X6, 011035 (2016).
[59] M. Coughlin and J. Harms, Phys. Rev. D90, 042005
(2014), 1406.1147.
[60] N. J. Cornish and S. L. Larson, Class. Quant. Grav. 18,
3473 (2001).
[61] J. Crowder and N. J. Cornish, Phys. Rev. D72, 083005
(2005).
[62] A. Sesana, Physical Review Letters 116, 231102 (2016),
arXiv:1602.06951 [gr-qc].
[63] C. Kim, V. Kalogera, and D. Lorimer, Astrophys. J.
584, 985 (2003).
[64] B. P. Abbott et al. (Virgo, LIGO Scientific), (2016),
arXiv:1602.03842.
[65] T. Regimbau, Research in Astronomy and Astrophysics
11, 369 (2011).
[66] P. A. Rosado, Phys. Rev. D 84, 084004 (2011).
[67] S. Marassi, R. Schneider, G. Corvino, V. Ferrari, and
S. P. Zwart, Phys. Rev. D 84, 124037 (2011).
[68] C. Wu, V. Mandic, and T. Regimbau, Phys. Rev. D 85,
104024 (2012).
[69] C.-J. Wu, V. Mandic, and T. Regimbau, Phys. Rev. D
87, 042002 (2013).
[70] I. Kowalska-Leszczynska, T. Regimbau, T. Bulik, M. Do-
minik, and K. Belczynski, Astronomy and Astrophysics
574, A58 (2015).
[71] P. Ajith et al., Phys. Rev. D 77, 104017 (2008).
[72] P. Ajith et al., Phys. Rev. Lett. 106, 241101 (2011).
[73] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz,
E. Berti, T. Bulik, I. Mandel, and R. O’Shaughnessy,
Astrophys. J. 779, 72 (2013).
[74] B. Abbott et al., Astrophys. J. Lett. 818 (2016).
13
SUPPLEMENT–UPPER LIMITS ON THE
STOCHASTIC GRAVITATIONAL-WAVE
BACKGROUND FROM ADVANCED LIGO’S
FIRST OBSERVING RUN
In this supplement we describe in more detail how the
data in the main text are analyzed. Data used in the
analysis are from times when both detectors are in a
low-noise observing mode. We exclude certain times and
frequencies based on auxiliary channels that established
them as instrumental effects within the detectors.
We remove times due to known instrumental artifacts,
such as radio frequency (RF) glitching and electronics
saturations [? ], or due to simulated signals (referred to
as hardware injections) generated by coherently moving
the interferometer mirrors [? ]. We also exclude seg-
ments associated with detections of gravitational waves.
Data are also excluded when the detectors’ noise power
spectra vary by more than 20% over the course of three
192s segments. This cut is performed to remove non-
stationary noise, and has been used in previous analyses
[36]. A dedicated study has verified that removing varia-
tions of 20% provides a close-to-optimal balance between
the false positive and false negative rates. The total live
time with all vetoes applied, for 192s segments, is 29.85
days. These cuts remove 35% of the time-series data.
We exclude frequencies known to be associated with in-
strumental artifacts, such as vibrations of the test mass
suspensions and calibration lines. We also remove fre-
quencies that are known to be instrumentally correlated
between the two LIGO detectors. As an example, we
detected a comb-like structure (a series of lines evenly
spaced in frequency) at half Hz frequencies with 1 Hz
separation. This structure was coherent between the
two sites and subsequently observed in auxiliary chan-
nels. The contributing frequency bins were not included
in the analysis. The frequency domain cuts remove 21%
of the observing band within each segment.
To verify the data analysis cuts described above, we
introduce an artificial time shift of 1 s between the two
sites. This effectively blinds the analysis by removing cor-
relations due to a broadband gravitational-wave signal,
while maintaining instrumental correlations with coher-
ence times greater than 1 s. This method also allows us
to identify additional instrumental artifacts that are not
identified using the cuts above, without biasing our anal-
ysis of the data. Upon studying the time-shifted data
with the analysis cuts described above, we find no excess
correlation, which is consistent with statistical expecta-
tions of uncorrelated Gaussian noise.
As a test of the detectors and the analysis pipeline,
we simulate a strong stochastic signal both by a hard-
ware injection and by a software injection (made by
adding a coherent signal to the data streams). The in-
jected background signals were isotropic and Gaussian,
with an amplitude of Ω0 = 8.7 × 10−5 and a duration
of 600 s. Both types of injections were successfully re-
covered within 1 σ uncertainty: the hardware injection
measured (8.8 ± 0.6) × 10−5 and the software injection
measured (9.0± 0.6)× 10−5.
Finally, we study the possibility of correlated noise be-
tween H1 and L1 so that we may be confident that the
systematic error in our measurements is negligible. After
accounting for narrowband correlation detector artifacts
arising from digital systems, we estimate the contamina-
tion from the environment. Previous investigations have
identified geophysical Schumann resonances as the most
likely source of correlated environmental noise [? ? ]. Ex-
citations in the spherical shell cavity formed between the
surface of the Earth and the ionosphere cause magnetic
fields to be correlated over great distances, comparable to
the separation between H1 and L1. The magnetic fields,
in turn, can couple mechanically to the test mass through
the suspension system or electronically [? ]. In order to
ascertain the systematic error from environmental corre-
lated noise, we construct a correlated noise budget. We
employ a number of conservative assumptions in order to
estimate the worst-case-scenario contamination.
The first step is to measure the frequency-dependent
coupling of the detector to ambient magnetic fields using
external coils as an actuator [? ? ]. It is not prac-
tical to induce fields that act on the entire detector si-
multaneously, so we measure the coupling at each test
mass. Next, we use magnetometers to measure the mag-
netic coherence between the two sites. Using the method
described in [? ? ], we combine the magnetic cross-
power spectra and the coupling functions to estimate the
worst-case correlated noise from Schumann resonances
Ωnoise(f). Our conservative noise budget for O1 corre-
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FIG. 6. We show the O1 power-law integrated curve (PI
curve) along with the correlated noise budget as described
in the text. The noise budget falling below the O1 PI curve
indicates that correlated noise does not affect the O1 analysis.
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sponds to the solid black curve in Figure 6. This curve is
obtained by fitting a power law to the magnetic noise
budget. We compare the noise budget to the power-
law integrated energy density spectrum (dashed black
curve) [55], which represent the statistical uncertainty
of the stochastic search. During O1, the correlated noise
is sufficiently low as to be ignored, contributing much less
than one sigma. (If the correlated noise estimate was sig-
nificant, the noise budget would be comparable to or in
excess of the dashed curve in the region of ∼20-30 Hz.)
Work is ongoing to monitor and mitigate correlated noise
for future.
